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1. INTRODUCTION
As a sustainable and economical renewable energy, wind
energy is contributing more and more to energy supply
in recent years. With increasing blade length and ﬂex-
ible structures, wind turbine blades suﬀer greatly from
asymmetric loads and fatigue due to non-uniformity and
turbulence of the incoming winds, which further aﬀects the
non-rotating turbine structures including hub, main bear-
ing, nacelle and tower (Lu et al. (2015)). These structural
loads can give rise to cyclic fatigue loading and shorten
the lifetime of wind turbines. Moreover, large rotor wind
turbines tend to be operated oﬀshore and expensive in
maintenance, this increases the demand on safety and
reliability.
It has been shown that individual pitch control (IPC)
can mitigate the blade fatigue eﬀectively and prolong the
wind turbine life, which has attracted signiﬁcant interests
on unbalanced load mitigation (Bossanyi (2003)). Various
control methods, e.g. Proportional-Integral (PI) (Bossanyi
(2005)), H∞ loop-shaping (Lu et al. (2015)), Model pre-
dictive control (Mirzaei et al. (2012)), PI-R control (Zhang
et al. (2014))) and diﬀerent design strategies e.g. individ-
ual blade control (Han and Leithead (2014)), Coleman
Transformation-based IPC (Van Engelen (2006)), feed-
forward feedback control based on LIDAR (Laks et al.
(2010)) are studied extensively. PI-IPC method based on
Coleman transformation has been demonstrated to miti-
gate rotating and non-rotating loads eﬀectively, with the
advantage of easy implementation in reality (Bossanyi
(2005),Van Engelen (2006)). Moreover, a PI-IPC system
developed by Garrad Hassan has been tested and veriﬁed
on the CART-2 wind turbine supplied by NREL (Bossanyi
and Wright (2009)). There may be faults in real pitch
systems that can aﬀect IPC performance.
It is well known that hydraulic pitch systems play a signiﬁ-
cant role in limiting the output power of wind turbines and
reducing unbalanced blade loads by IPC system under high
wind conditions (Lan et al. (2018)). Nevertheless, pitch
systems often suﬀer from low pressure faults caused by oil
leakage in the hydraulic supply system, resulting in slow
pitch dynamics and further negative eﬀects on operational
stability and even accelerating the blade vibrations. Fault
tolerant control (FTC) can compensate fault eﬀects and
maintain satisfactory system performance under faulty
cases (Patton (2015)). There has been a few papers focus-
ing on the detection and compensation of faults occurred
in the pitch system. The fault detection and fault isolation
(FDI) is used in the work of Sloth et al. (2011) to detect
the occurrence of the actuator faults. Fault estimation
(FE) observer-based FTC design has been demonstrated
to be competent at obtaining the pitch actuator fault
reconstruction compared with FDI (Chen et al. (2013),
Shi and Patton (2015)). However, very little work has been
reported to consider IPC cases, this can be a disadvantage.
The remainder of this paper is organized as follows.
Two traditional IPC methods using PI and H∞ loop-
Keywords: Individual pitch control, load reduction, pitch actuator faults, sliding mode
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Abstract: Due to the increasing size of wind turbines, the unbalanced loads caused by the
uneven spatial distribution of wind speed and turbulence are becoming larger and larger. As
has been proved, individual pitch control (IPC) can mitigate the blade asymmetric loads
greatly in region 3. On the other hand, the pitch actuator faults can aﬀect the pitching
performance with slow dynamics, resulting in generator power instability and even deteriorating
the unbalanced loads of blades. However, the eﬀects of unbalanced blade loads deterioration
caused by pitch actuator faults have not been taken into account by the traditional IPC design.
In the present paper, a fault-tolerant control (FTC) strategy using adaptive sliding mode
estimation is combined with a traditional IPC system based on two diﬀerent control methods
(Proportional-Integral and H∞ loop-shaping). It maintains the nominal pitch performance and
removes the negative eﬀects of pitch actuator faults on generator power and unbalanced blade
loads perfectly. The eﬀectiveness of the proposed strategy is veriﬁed on the 5MW NREL wind
turbine system.
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Fig. 1. Nominal pitch system scheme (CPC)
shaping are designed ﬁrstly. Meanwhile, a step-by-step
sliding mode observer (SMO) (Lan et al. (2018)) is used
to estimate the pitch system state and faults. Then an
FE-based FTC strategy is presented to compensate the
faults and recover the nominal pitch system performance
and remove the eﬀects of faults on the generator power
and unbalanced loads. This work is an extension of Lan
et al. (2018) which veriﬁes the robustness and universality
of the proposed FTCmethod in the diﬀerent IPC cases and
diﬀerent wind conditions. The illustrative simulations are
performed on the NREL 5MWwind turbine model system.
Another contribution of this study is an analysis of how the
occurrence of pitch actuator faults exerts an inﬂuence on
the unbalanced loads, fatigue of blades, and main bearings
under diﬀerent IPC methods, which is seldom considered
in the current research of IPC.
2. WIND TURBINE DESCRIPTION
The NREL 5MW wind turbine in Jonkman et al. (2009)
is studied in this paper. FAST 1 provides a high-ﬁdelity
wind turbine with 24 degrees of freedom, which is com-
monly referred to as the baseline model for verifying the
developed IPC algorithms (e.g. Lio et al. (2017), etc.).
It is a representative commercial wind turbine with the
same capacity, which does not represent any speciﬁc wind
turbine in reality (Houtzager et al. (2013)).
The NREL 5MW wind turbine control strategies include
generator torque and pitch controllers, from which the
generator torque and pitch angle reference are produced,
respectively. When the wind turbine operates in Region 2
(below rated wind speed 11.4 m/s) the generator torque
controller aims at maximizing power capture and keeping
pitch angles at zero to obtain full harvest of wind energy
(Jonkman et al. (2009)). All the work here focuses on the
above-rated wind condition (Region 3), where the primary
pitch control aim is to keep the produced power around the
rated value. In region 3 the case that three pitch angles are
changed collectively by the same amount to regulate the
generator speed is referred to as collective pitch control
(CPC). If the pitch angle responds individually to the load
measurements for asymmetric blade loads mitigation, this
is called individual pitch control (IPC) (Lio et al. (2017)).
The CPC strategy is shown in Fig. 1. wg,r, βr stand
for the rated values of wind turbine generator speed and
three collective pitch angle, respectively. wg, β stand for
the real values. According to Jonkman et al. (2009), the
pitch actuator eﬀects are not included in FAST model. A
hydraulic pitch actuator modelled as a closed-loop second-
order system (Odgaard et al. (2009)) is suggested in FAST
for further applications and assumed to be the same for all
1 FAST (Fatigue, Aerodynamics, Structure and Turbulence) is a
publicly available nonlinear aeroelastic wind turbine simulation code
developed by National Renewable Energy Laboratory (NREL).
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Fig. 2. Fault-tolerant pitch system
pitch systems as shown in (1). Due to real physical system
constraints of actuator systems, pitch angles and rates are
restricted to [0,90]◦ and [-8,8]◦/s, respectively.
β(s)
βr(s)
=
w2n
s2 + 2ξwns+ w2n
. (1)
where ξ and wn are the nominal damping ratio and natural
frequency parameters, respectively. In the fault-free cases,
these parameters are considered to be equal for all the
three pitch systems, with ξ = 0.6 and wn = 11.11 rad/s.
Due to their simplicity and ability to work under harsh
conditions as well as easy maintenance, hydraulic pitch
systems are widely used in large wind turbine systems.
However, the pressure drop (i.e. resulting from hydraulic
leakage) will cause variations in the pitch system dynam-
ical parameters (ξ and wn). The parameters with low
pressure fault can be modelled as convex combinations of
ξwn,w
2
n and the fault level parameter f shown in (2).
w2n = w
2
n0
+ (w2nf − w
2
n0
)f,
ξwn = ξ0wn0 + (ξfwnf − ξ0wn0)f.
(2)
where ξ0 and wn0 are the nominal parameters under
the normal pressure with values of 0.6 and 11.11 rad/s,
respectively, while ξf and wnf stand for the dynamical
parameters under the low pressure with values of 0.9 and
3.42 rad/s. f indicates the fault level taking values in [0,1].
3. FTC-IPC SYSTEM DESIGN
The schematic diagram of FTC-IPC pitch system is shown
in Fig.2, which includes the strategies of (i) a baseline pitch
controller (CPC) for generator power control, (ii) an IPC
system based on PI or H∞ loop-shaping control method is
designed for unbalanced blade loads reduction, (iii) SMO
estimation for low pressure pitch actuator fault estimation,
and (iv) FTC for fault compensation. The gain-scheduled
PI pitch controller is designed as the baseline pitch con-
troller (CPC) according to Jonkman et al. (2009).
3.1 IPC Design for Load Reduction
The objective of IPC system is to mitigate the ﬂapwise
blade bending vibrations My1,2,3 through changing three
pitch angles β1,2,3 individually. A signiﬁcant challenge for
unbalanced load mitigation is that the three blades are
rotating, which means the structural blade loads rotate
with blade positions (namely azimuth angle ϕ1,2,3) in
multi-harmonics of the rotational speed resulting in a
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Fig. 3. The designed IPC system for load mitigation
dynamic wind loading with main rotor frequency (referred
as 1P) and its multiples (2P,3P,...NP).
Coleman transformation has been used by many re-
searchers to map three periodic ﬂapwise bending vibra-
tions with 120◦ phase diﬀerence from the blade rotational
reference frame to the ﬁxed hub reference frame (Bossanyi
(2003),Van Engelen (2006), etc.). After Coleman transfor-
mation, each blade load signal is converted to a collective
component which is the same for all the blades, cosine
and sine (often referred to as yaw and tilt moments)
components depending on the blade positions. It natu-
rally achieves the decoupling of symmetrical (collective)
and unsymmetrical (cosine and sine) blade fatigue. The
main unbalanced blade loads are usually related to the
unsymmetrical wind inﬂow conditions. As a result, the
collective term is ignored for IPC. Moreover, the yaw and
tilt loops can be treated as two independent channels after
Coleman transformation, as the case in Bossanyi (2005).
These slowly changing loads can be compensated simply
and instantly by PI and other controllers. In terms of the
common coordinate systems, interested readers can refer
to the work in Zhang et al. (2014). Here, it should be
noted that reliable sensors (i.e. strain guages) are required
for measuring the ﬂapwise blade bending vibrations.
As the main blade fatigue comes from 1P load ﬂuctuations,
in this work the IPC system provides 1P-load mitigation.
Assuming that the ﬁrst blade is in the horizontal position,
then Coleman and inverse Coleman transformations for 1P
are given by:�
Mc
Ms
�
=
�
Myaw
Mtilt
�
=
2
3
P�(ϕ)
⎡
⎢⎢⎣
My1
My2
My3
⎤
⎥⎥⎦ (3)
with
P (ϕ) =
⎡
⎢⎢⎢⎢⎢⎣
cos(ϕ) sin(ϕ)
cos(ϕ+
2pi
3
) sin(ϕ+
2pi
3
)
cos(ϕ+
4pi
3
) sin(ϕ+
4pi
3
)
⎤
⎥⎥⎥⎥⎥⎦ (4)
The designed IPC system is shown in Fig.3, where f
presents the inputs like wind loading and generator torque
etc. As we can see, after the Coleman transformation, a
simple notch ﬁlter is designed to remove the 3P-harmonic
loads by avoiding the enhancement of 3P peak, which
otherwise will lead to fatigue augment on the ﬁxed wind
turbine parts. A low-pass ﬁlter with cut-oﬀ frequency
of 1.2Hz is used to smooth the control signals from the
designed IPC controller, which avoids the high frequency
movements of pitch actuators. Firstly, the traditional
PI method is adopted. The parameters of the two PI
controllers are manually tuned to be the same values. The
ﬁnal PI-IPC controller can be illustrated in (5):
CPI−IPC(s) =
2
3
PT (ϕ)� �� �
Coleman
s2 + 2ξn1wn + w
2
n
s2 + 2ξn2wn + w2n� �� �
3P-notch filter⎡
⎢⎢⎣
Kp +
Ki,yaw
s
0
0 Kp +
Ki,tilt
s
⎤
⎥⎥⎦
� �� �
PI controller
P (ϕ)� �� �
Inverse Coleman
w2l
s2 + 2ξlwls+ w2l� �� �
Low-pass filter
(5)
To compare the fault eﬀects on unbalanced loads in diﬀer-
ent IPC cases, an alternative control method for designing
IPC system with the same Coleman transformation-based
structure is illustrated in Fig.3. To improve the system
robustness, the IPC system based on H∞ loop-shaping
method in Lio et al. (2017) is adopted. The design of the
H∞ loop-shaping controller is based on the basic blade
model as illustrated in the work Lio et al. (2017). Since
this work focuses on the 1P load reduction, an H∞ loop-
shaping controller is designed to reduce unbalanced blade
loads at the 1P frequency. The pre-compensator W(s) is
designed as a PI controller:
W (s) = Kp +
Ki
s
(6)
The H∞ loop-shaping controller KH(s) can then be ob-
tained easily using a software package such as ncfsyn.m
in Matlab. The ﬁnal synthesised controller KH(s) is illus-
trated in (7). The details of theH∞ loop-shaping controller
design procedure can be found in Lio et al. (2017) and
Lu et al. (2015). The proposed PI-IPC and the H∞ loop-
shaping pre-compensator parameters are shown in Table
1.
KH(s) =
0.00022s5 + 0.00509s4 + 0.06698s3
+0.3946s2 + 0.8909s+ 0.6623
s5 + 72.3s4 + 2641s3 + 60040s2 + 93070s
(7)
3.2 FTC Design for Fault Compensation
FE design The faulty pitch system based on (1) and (2)
can be illustrated in
x˙1 = x2
x˙2 = G0(x) +B0u+ F (x)f
y = x1
(8)
where x = [x1 x2]
� = [β β˙]�,G0(x) = −w
2
n0
x1−2ξ0wn0x2,
B0 = w
2
n0
and fault distribution functionF (x) = (w2n0 −
w2nf )(x1 − u) + 2(ξ0wn0 − ξfwnf )x2.
1130 Yanhua Liu  et al. / IFAC PapersOnLine 51-24 (2018) 11271132
Table 1. Designed parameters
Description Parameter Value
PI controller (PI-IPC)
Proportional gain Kpyaw 0.00002
Proportional gain Kptilt 0.00002
Integral gain Kiyaw 0.00001
Integral gain Kitilt
0.00001
3P-notch ﬁlter (PI-IPC)
Frequency wn 2pi ∗ 0.6 rad/s
Damping ratio 1 ξn1 0.3
Damping ratio 2 ξn2 1
Low-pass ﬁlter (both)
Frequency wl 2pi ∗ 1.2 rad/s
Damping ratio ξl 0.7
PI controller (H∞ loop-shaping)
Proportional gain Kp 0.000003
Integral gain Ki 0.000005
It can be seen that the fault distribution function F (x) is
time-varing, which increases the diﬃculty of the observer
design. In this work, an adaptive step-by-step SMO pro-
posed in Lan et al. (2018) is used to estimate the faults
and the state of the pitch system as shown in (9).
˙ˆx1 = xˆ2 + v1
˙ˆx2 = G0(xˆ) +B0u+ F (xˆ)fˆ + v2
˙ˆ
f = ηfsign(ef )
(9)
where xˆ, fˆ are the state estimates and fault estimate re-
spectively. v1,v2 are the SMO switching functions designed
as follows:
v1 = ηv1sign(ex1), v2 = ηv2sign(x˜2 − xˆ2) (10)
where x˜2 = xˆ2+v1, ex1 = x1−xˆ1, ex2 = x2−xˆ2, ef = f−fˆ ,
and ηv1 , ηv2 , ηf are designed as:
ηv1 = σv1�ex1�+�v1 , ηv2 = σv2�ex2�+�v2 , ηf = σf�ef�+�f
(11)
where σv1 , σv2 , σf are positive learning rates, and �v1 , �v2 , �f
are small positive constants. These parameters are de-
signed oﬀ-line and should be tuned by trial and error. Note
that the symbol �·� indicates the Euclidean 2-norm.
FTC design The pitch system (8) can be rewritten as
x˙1 = x2
x˙2 = G0(x) + w
2
nu+ F1(x)f
(12)
where F1(x) = (w
2
n0
− w2nf )x1 + 2(ξ0wn0 − ξfwnf )x2.
In order to compensate the fault eﬀect, an FTC controller
is designed for the faulty pitch system (12) as
u = kβr + uf (13)
where βr is the sum of the collective pitch angle signal
and the pitch angle from PI-IPC system under fault-free
condition, uf is the controller designed to compensate the
actuator faults, and k is designed to modify the signal βr.
The modiﬁcation parameter k is designed as
k =
w2n0
wˆ2n
=
w2n0
w2n0 + (w
2
nf
− w2n0)fˆ
(14)
The compensating controller uf is designed as
uf = −
F1(xˆ)fˆ
wˆ2n
(15)
where F1(xˆ) = (w
2
n0
−w2nf )xˆ1 + 2(ξ0wn0 − ξfwnf )xˆ2. The
state estimates xˆ1, xˆ2 and fault estimate fˆ can be obtained
by the designed observer (9). More details about the design
of the FE and FTC strategy refer to the work in Lan et al.
(2018).
4. SIMULATION RESULTS
The proposed FTC-IPC design is validated on the 5MW
NREL wind turbine model with simulation step 0.0125s.
The wind speed input ﬁle is generated by TurbSim
(Jonkman (2009)), a stochastic and full-ﬁeld turbulent
wind simulator software developed by NREL. The sim-
ulations are performed at 1000s above-rated wind speed,
in which the mean value at hub-height is 18 m/s, together
with turbulence intensity 14% and vertical shear exponent
0.2. The case when all the three pitch systems suﬀer from
low pressure actuator faults is considered. Fault 1 occurs
during the time period t ∈ [200, 800]s, and Fault 2 and
3 last for all the simulation time t ∈ [0, 1000]s. The
measurement noise is modelled as a zero mean white Gaus-
sian noise with a variance value of 1.0e-7. The designed
adaptive SMO parameters for three pitch actuators are
σv1 = 0.3, σv2 = 0.2, σf = 0.1, �v1 = 0.01, �v2 = 0.01, �f =
0.05.
The simulation results are shown in Figs.4-10 and Table
2. PI-IPC and H-IPC refer to the systems including both
CPC and the designed IPC based on PI or H∞ loop-
shaping method. PI-IPC-f and H-IPC-f denote the PI-
IPC and H-IPC systems with three pitch actuator faults.
PI-IPC-F and H-IPC-F cases represent the PI-IPC and
H-IPC systems with the FTC system implemented. For
the sake of simplicity, only the simulation results relating
to blade 1 and the tilt moment are illustrated as follows
and the results of blades 2&3 and the yaw moments
are omitted. Standard deviations (STD) of the ﬂap-wise
bending moment of blade 1, the tilt/yaw moments and
generator power are compared in Table 2. In addition,
pitch travel (
∫ t
0
| dβ/dt | dt) has been taken into account
to approximate the damage on the pitch actuator. Fig.10
provides a direct comparison of the performances of two
diﬀerent IPC method both in fault-free and faulty cases.
The results can be divided into three parts as follows.
First of all, the eﬀectiveness of two IPC systems have been
validated with similar vibration attenuation results on the
premise of stable generator power output, which is with the
cost of high pitch rate. As listed in Table 2, the pitch travel
has increased impressively, by almost 350%. As we can see
from Fig.10, PI-IPC performs a little bit better than H-
IPC case for reducing the ﬂapwise bending moment, tilt
and yaw moment.
Secondly, the eﬀects of the pitch actuator faults can be
seen clearly. The dynamics of pitch system 1 become
slow when faults occur. Moreover, due to the occurrence
of other two pitch actuator faults, pitch actuator 1 still
presents sluggish pitch movements even though it is fault-
free. The pitch travel has increased slightly which means
the occurrence of faults causes large pitch actuator motion
that could lead to actuator failure. Owing to undesired
ﬂuctuations of pitch movement, the pitch angle 1 also
shows more deviations resulting in enhanced imbalance of
the three pitch systems. Furthermore, the generator power
ﬂuctuates more unstably as evident from Fig.7. As a result,
the increasing imbalance between three pitch systems has
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Fig. 5. Pitch rate of blade 1
magniﬁed the asymmetric loads at the blade roots, which
means the values of tilt and yaw moments grow signiﬁ-
cantly. Consequently, ﬂapwise bending moments represent-
ing the blade fatigue have been reinforced as can be seen
in Fig.8. From Table 2 and Fig.10, it can be deduced that
the pitch actuator faults exert almost similar inﬂuence on
blade unbalanced loads except that the PI-IPC is slightly
better than H-IPC in keeping the reduction of the tilt
moment.
Finally, from Fig.4 it can be seen that the three faults
can be estimated very well in diﬀerent IPC cases, which
shows the robustness of the designed SMO. Moreover,
the designed FTC strategy can restore the nominal pitch
actions and compensate well the above eﬀects caused by
the pitch actuator faults . Further damage to the blade and
main bearing are thus avoided, as shown in Figs.6-9. From
Fig. 10, PI-IPC performs marginally better in restoring the
generator power performance with the help of the proposed
FTC strategy compared with the H-IPC case. Further
simulations are done under other diﬀerent above rated
wind conditions, it could be concluded that the designed
SMO parameters do not depend on the point of operation
and are eﬀective for incipient pitch actuator faults (i.e.
hydraulic leakage). Hence, it can also be concluded that
the tuning can be made oﬀ-line.
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Fig. 6. Pitch angle of blade 1
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Fig. 7. Generator Power
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Fig. 8. Flapwise bending moment of blade 1
Table 2. Standard Deviation of Results
Parameters CPC PI-IPC H-IPC PI-IPC-f H-IPC-f PI-IPC-F H-IPC-F
Flapwise (KN·m) 2286.9 1826.3 1839.4 2161.9 2188.6 1833.1 1853.5
Tilt (KN·m) 1078.4 730.8 774.1 886.2 1014.2 730.9 773.9
Yaw (KN·m) 930.7 719.7 756.6 884.4 973.7 720.2 756.0
Gen-power (MW) 129.9 134.0 132.3 168.8 168.2 134.0 132.2
Pitch travel (rad) 8.5 38.1 38.1 39.5 39.6 38.4 38.3
5. CONCLUSION
This paper analyses how and how much the unbalanced
loads of blades react to the pitch actuator faults under
diﬀerent IPC methods, which is seldom considered in the
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Fig. 9. Tilt moment
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Fig. 10. Comparison result
current IPC research. From the simulation results, it can
be seen that the unbalanced pitch systems caused by low
pressure pitch faults indeed exert negative eﬀects on the
blade ﬂuctuations and thus deteriorate the blade and main
bearing unbalanced loads. An FTC strategy using adaptive
SMO is adopted to compensate the faults in diﬀerent IPC
cases and observe the change of unbalanced blade loads.
The proposed FTC strategy in the IPC case has been
validated to achieve the objectives of maintaining nominal
pitch system performance and compensating the eﬀect to
power output and asymmetric loads during pitch actuator
faulty case. Combined with the former work on applying
the designed FTC system to the CPC case in Lan et al.
(2018), it can be deduced that the proposed FTC strategy
based on the adaptive SMO could be a universal FTC
structure for wind turbine systems.
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